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Abstract: Microstructural properties of the plant based food materials are the key factor 
for defining the lumped properties of the materials. Therefore, it is a very important to 
consider the microstructural changes during drying. This paper presents a microscale 
model to describe the actual phenomena take place in cellular level during drying of 
plant-based food materials. First the microscopic images of different apple tissues have 
been digitized. The structural parameters of the cell have been described as well as 
compared with statistical distribution of cell orientation, cell area and cell aspect ratio. 
For the generation of the initial topology of the cellular network, a Voronoi tessellation 
algorithm has been used. The model takes intercellular airspace network, cell size and 
shapes into consideration. Cell walls have been considered as closed thin wall structure, 
and tension is maintained due to turgor pressure. The cell walls of the adjacent cells have 
been modelled as linear elastic materials. This microstructural model can be used to attain 
better simulation in a multiscale modelling approach of transport phenomena and 
deformation of food material. 
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INTRODUCTION 
Fruits and vegetables are important sources of 
essential dietary nutrients such as vitamins, minerals 
and fibre. They are considered, as perishable 
commodities due to the high moisture content ranging 
80-90% of total weight (Paull, 1999). A common 
technique for preservation system is low-temperature 
maintenance; however, it is difficult to maintain a low 
temperature throughout the distribution chain. 
Therefore, drying is one of the suitable alternatives. 
To promote the food security, over 20% of world 
perishable crops are dried (Sagar & Kumar, 2010). To 
enhance storage stability, minimize packaging 
requirements and reduce transport weight fruits, 
vegetables and their products are dried.  
Food structure is complex having several level of 
structural hierarchy (Ho et al., 2013). The structural 
features at both macro and micro level have great 
influence on the properties of food (José Miguel 
Aguilera, 2005). The cellular level structural 
parameter such as cell diameter, cell wall thickness, 
cell shape and cell organization have an influence on 
the tissue level properties of food (Abera et al., 2013). 
Therefore, the quality of dried foods and vegetables is 
related to the microscopic morphological feature of 
cellular tissue.  
A novel design of food drying process greatly depends 
on the simulation of coupled heat and mass transfer 
process. For this reason, a good model needs to be 
formulated. Numerous models have been formulated 
by various authors based on the continuum approach. 
These models are governed by the bulk level moisture 
content of food material. It has been found that there is 
a linear relation between the moisture content and the 
microstructural changes of the food materials 
(Karunasena et al 2014). The microstructural elements 
that are below100  m range critically participate in 
transport properties and the physical behaviour (Jose 
M Aguilera, Stanley, & Baker, 2000). Moisture 
transport through the pores, cell and cell walls of food 
materials occurs at this level (Karunasena, Senadeera, 
Brown, & Gu, 2014). In this respect, it is required for 
modelling the microscopic feature to explain the heat 
and mass transfer process at this microstructural level. 
Although there are several mathematical models that 
deals with the drying of food materials, these models 
would remain incomplete unless the microstructural 
features of food are taken into consideration (Kumar 
et al, 2014; Ni et al, 1999). It has been claimed that the 
microstructure can generate with the help of 
microscopic image with proper image processing 
algorithm (Mebatsion et al., 2006). A popular method 
for developing the microstructure from the 
microscopic image is Voronoi tessellation algorithm. 
This algorithm has been applied in various filed such 
as magnetization in microstructure, crystallography, 
spatial distribution of neural networks. The idea of 
 using Voronoi tessellation is materials science 
especially in food materials is comparatively new. The 
initial attempt of using Voronoi-based model was 
taken by (Mattea et al, 1989) and (Roudot et al, 1990). 
The Voronoi cells were not quantified to compare the 
results with the original images. After that Mebatsion 
et al., (2006), have formulated a numerical code to 
develop microstructural geometry from the 
microscopic images of apple. This approach could not 
classify the organization of cell and intercellular 
space. To fill this gap of knowledge, a novel 
geometric algorithm is required to explain the typical 
differences in cellular architecture such as cell shape, 
size, and organization of the cell.   
This work aims to develop a novel geometric 
tessellation algorithm based on the ellipse fitting 
approach to generate the microstructure of food 
materials from the microscopic image. The algorithm 
will classify the cell and the intercellular space in 
parenchyma tissue. The generated microstructures will 
be used as a computational domain of modelling of 
microscale food drying process. 
MATERIALS AND METHOD 
Microstrual image acquisition  
In order to investigate the real cellular orientation of 
fresh and dried apple, a series of experiments were 
conducted on the Granny Smith variety. Immediately 
before measuring, the samples for microstructure were 
peeled and cut into 1.5 cm diameter slice with a sharp 
cutter. Samples were first kept on the aluminium base 
and placed in a Scanning Electron Microscope 
(Quanta 200 SEM, Oregon, USA) and photographed 
by using at accelerating voltage of 20 kV. The 
resolution of the SEM images was adequate to make it 
possible to distinguish cells, intercellular spaces and 
cell walls. 
After  Adjust the X, Y, R, T and Z controls to your 
desired position and adjust the magnification, X 
stigmata, Y stigmata, Focus, Contrast and Brightness 
for the  micrograph, imaged at 100-1000 
Magnification. The images, then, were preserved for 
further analysis. 
Estimation of geometrical properties 
The geometrical characteristics of cells have been 
estimated after the transformation of digital images to 
representative polygons defined by points on the 
natural boundary of the cells. From the resulting 
coordinates the centroidal points, the areas, the 
perimeters, the aspect ratio and orientations of each 
approximated polygonal cell were determined using 
moment calculation and ellipse fitting algorithms. The 
centroids, areas and perimeters of approximated 
polygonal regions were calculated using Green’s 
theorem transformation of curve integrals to line 
integrals. The orientations and aspect ratios of the 
images were estimated using area moments of the best 
fitting ellipse. 
The cellular structural properties have been carried out 
using Green’s theorem. For given two points P(x,y) 
and Q(x,y), the differentiable functions are as follows 
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 Where, R is the cell or pore approximated by the 
polygon, and the B is the integral of the boundary 
The area of the region has been calculated by the 
following equation: 
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Green’s transformation of the equation points in 
anticlockwise direction provides the following 
equation: 
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Where, n is the number of points on the boundary of 
the cell, pore or vertices of a Voronoi cell. 
By applying the Green’s transformation, the centroids 
of the region have found, and it’s as follows 
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Orientation and the aspect ratio calculation 
The orientation and aspect ratio of cellular images 
were calculated using ellipse fitting algorithms. The 
region-based ellipse fitting algorithm employed in this 
work equalizes the second moment of the shape with 
that of the ellipse. For a given ‘n’ number of points on 
the boundary of a given region, the area has been 
calculated over x, y points and xy plane. For this 
reason, the following equations have been used 
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Identifying cells and intercellular space 
For the identification of cell and the intercellular space 
in the microscopic image, the geometric properties 
were acquired by a developed program in MATLAB.  
For each region, eight parameters were calculated 
including elongation, convexity, rectangularity, 
circularity, angularity and roughness. The size and the 
shape of the cells and the intercellular space in the 
cellular tissue of apple can be described by that 
parameter. The details of the calculation of these 
parameters can be found in the literature (Pieczywek 
& Zdunek, 2012). In our proposed method, the regions 
on the microscopic images have been investigated 
automatically by the image processing algorithm.  The 
identification process was integrated with the Voronoi 
tessellation algorithm. The integration approach has 
made the proposed approach novel as it can detect the 
cell and the intercellular space. The schematic 
diagram of the proposed approach is presented in 
Figure 1.  
 
Fig. 1. Step by Step representation modelling cell 
geometry 
RESULT AND DISCUSSION 
The formulated geometrical model has been utilized to 
generate the virtual cellular level tissue of apple. The 
model has been compared with the original images 
obtained by means of Scanning Electron Microscope 
(SEM). The important comparison features are the 
size, shape of cells, the orientation of cells and the 
intercellular space. The initial virtual cell generation 
has been performed as presented in Figure 2. 
 
 
 
 
 
Fig. 2. Initial generation of virtual cell for (a) 400  m 
(b) 300  m (c) 200  m scale 
For modelling the intercellular space inside the apple 
tissue, the initial Voronoi tessellation has been 
modified. The virtual cell has been formulated 
according to the characteristic of the cellular tissue of 
the apple. Apple has some initial porosity and the 
 porosity of inside the cellular tissue is strongly related 
to the number of intercellular space. The intercellular 
space has a great influence on the diffusivity and the 
mass transport inside the tissue. Under SEM, the 
distinction between the cell and the intercellular space 
can be observed. Geometrically, the intercellular 
spaces are irregular in shape and have high aspect 
ratio values. The automatic classification of 
intercellular space inside the apple tissue has been 
integrated with the Voronoi tessellation to build the 
model more accurately. The intercellular space 
contains mainly air along with, some water content 
also found in this area. The virtual cell containing the 
intercellular space is presented in Figure 3. 
 
 
Fig. 3. Virtual cell containing intercellular space 
The generated cell geometry can be transferred to the 
COMSOL multi-physics software (COMSOL 5.1, 
Stockhome Sweden) via MATLAB-COMSOL 
interfacing module. For the interfacing purpose, code 
has been written in MATLAB (2014b).  The cell, cell 
wall and the intercellular spaces have been exported as 
separate vertices so that different condition can be 
applied to each part of the tissue. For avoiding the 
computation complicacy, only 100 µm and 150 µm 
scale, geometry was exported. The geometries which 
were exported to COMSOL are presented in Figure 4. 
 
 
 
 
 
 
 
Fig. 4. Virtual cell of apple (a)100  m (b) 150 m in 
COMSOL multi-physics environment  
In the COMSOL multi-physics software, coupled heat 
and mass transfer (hot air drying condition) will be 
applied to the microstructure.  The model will be 
solved by means of finite element method where 
meshing is an important part of this process. At this 
stage, meshing on the formulated geometry has been 
performed by the COMSOL mesh generator which is 
presented in Figure 5. 
 
 
Fig. 5. Generated mesh on microstructure (a) 100  m 
(b) 150  m 
 Boundary condition for the cell to cell, cell to 
intercellular space is also an important factor for 
modelling drying conditions. The cell to cell boundary 
and the cell to intercellular space boundary is shown 
in Figure 6. 
 
 
 
Fig. 6. Bounray inside the virtual tissue (a) cell to cell 
(b) cell to intercellular space 
CONCLUSIONS 
The model developed in this work is capable of 
generating two-dimensional virtual cells of the 
representative fruits as well as can classify the cell 
wall and the intercellular space. The formulated 
geometrical model is transferable to COMSOL 
Multiphysics software for finite element analysis. For 
the finite element modelling computational domain is 
a primary requirement. The generated microstructure 
model can be used as a computational domain for the 
finite element analysis which can be termed as 
representative elementary volume (REV). In the 
microstructure, the cell wall, cells and the intercellular 
space was defined as a separate vertices. This feature 
will facilitate to impose different mesh as well as 
boundary condition inside the cellular tissue. This 
representative elementary volume can be used for 
modelling the coupled heat and mass transfer in fruit 
tissue during drying. They can also be used for 
studying the mechanics of cellular tissue of plant 
based food materials during drying. This model will 
provide a better understanding of the physics 
associated with food drying process in different scale 
in future. 
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